Endocrine therapy resistance invariably develops in advanced estrogen receptor-positive (ER + ) breast cancer, but the underlying mechanisms are largely unknown. We have identified C-terminal SRC kinase (CSK) as a critical node in a previously unappreciated negative feedback loop that limits the efficacy of current ER-targeted therapies. Estrogen directly drives CSK expression in ER + breast cancer. At low CSK levels, as is the case in patients with ER + breast cancer resistant to endocrine therapy and with the poorest outcomes, the p21 protein-activated kinase 2 (PAK2) becomes activated and drives estrogen-independent growth. PAK2 overexpression is also associated with endocrine therapy resistance and worse clinical outcome, and the combination of a PAK2 inhibitor with an ER antagonist synergistically suppressed breast tumor growth. Clinical approaches to endocrine therapy-resistant breast cancer must overcome the loss of this estrogen-induced negative feedback loop that normally constrains the growth of ER + tumors.
breast cancer | endocrine resistance | estrogen receptor | CRISPR screen | CSK O ncogenic activation of the estrogen receptor (ER) signaling pathway occurs in over 70% of breast cancers (1) . This forms the basis of endocrine therapy that employs antiestrogens and aromatase inhibitors for both breast cancer prevention and treatment (2) . However, most patients with advanced disease eventually develop resistance to these endocrine therapies, and even for patients treated in the adjuvant setting, there is a consistent risk of relapse that persists indefinitely (3) . Notably, approximate 50% of patients with locally advanced or metastatic ER + breast cancer do not respond to first-line endocrine treatment because of primary, de novo resistance (4) . In addition, most patients who initially respond to the therapy eventually develop secondary acquired resistance (5) . Despite significant research efforts and discoveries made in recent years, the precise reasons for endocrine therapy failure in patients with ER + breast cancer remain largely unknown. Published studies have implicated increased expression of ER; mutations in the ESR1 gene; and activated growth factor receptor signaling, especially of the EGFR/HER2 pathway, as important mechanisms of de novo or acquired resistance (6) (7) (8) . This has led to various targeted combination strategies aiming to combat endocrine resistance (3) . For example, recent clinical trials have shown that cotargeting the ER pathway with either the PI3K/Akt/mammalian target of rapamycin pathway or with the CDK4/6 inhibitor significantly improved the progression-free survival of patients with ER + breast cancer compared with endocrine therapy alone (9-11).
Although clinical trials of combining other treatments with endocrine therapy are ongoing (12) , the current choice of combination has been limited to existing therapies in breast cancer. Furthermore, how the downstream oncogenic pathways of ER and
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Estrogen receptor-positive (ER + ) breast cancer is treated with endocrine therapies, although therapeutic resistance almost invariably develops in advanced disease. Using genome-wide CRISPR screens, we identified genes whose loss confers endocrine resistance, as well as synthetic lethal vulnerabilities to overcome such resistance. These findings reveal an estrogen-induced negative feedback loop that constrains the growth of ER + tumors, thereby limiting the efficacy of therapies that inhibit ER, and suggest a previously unappreciated therapeutic route to overcoming endocrine resistance.
growth factors are activated during endocrine therapy and whether there are other intrinsic mechanisms limiting the efficacy of current therapies remain to be elucidated. Therefore, systematic studies to uncover synthetic lethal vulnerabilities and synergistic targets with endocrine therapy are crucial for identifying novel and optimal combination therapies. In addition, biomarkers predictive of clinical response and molecular mechanisms underlying resistance to endocrine therapies are critical for developing better therapeutic strategies and improving patient outcome.
The recent introduction of the clustered, regularly interspaced, short palindromic repeat (CRISPR)-associated nuclease Cas9 system has facilitated pooled loss-of-function genetic screens (13) (14) (15) (16) . Seminal studies demonstrated the power of CRISPR screens in identifying key genes or biomarkers that mediate drug and toxin resistance (14, 17) , immune response (18) (19) (20) (21) , and tumor metastasis (22) . This approach has also shown great promise in identifying synthetic lethal interactions and revealing novel combination therapies for precision cancer medicine (23, 24) .
In this study, we conducted genome-wide CRISPR knockout screens on two ER + breast cancer cell lines to identify key mediators of endocrine resistance. Based on the top tumor suppressor gene identified in the primary screen whose loss induced endocrine therapy resistance, we performed genomewide synthetic lethal CRISPR screens to discover novel targets for treating endocrine resistance. The gene signature revealed by the CRISPR screen hits is associated with the response to endocrine therapy in numerous clinical studies. Finally, we validated combining endocrine therapy with inhibiting a novel target identified in the synthetic lethal screen to overcome endocrine resistance in cell line and patient-derived tumor xenograft models. Our approach of utilizing a second round of CRISPR screens to identify novel therapeutic targets provides an efficient alternative to conducting primary CRISPR screens on large cell line panels to infer synthetic lethal interactions.
Results

Genome-Wide CRISPR Screens Identified ER
+ Breast Cancer-Specific
Essential Genes. To systematically investigate genes whose loss affects cell viability or potentiates the estrogen-independent growth of ER + breast cancer cells, we performed genome-wide CRISPR/ Cas9 knockout screens in the ER + breast cancer cell lines MCF7 and T47D using the Genome-Scale CRISPR Knock-Out (GeCKO) v2 library (25) . After infection with the lentiviral guide RNA (gRNA) library and selection by puromycin, the cells were cultured in hormone-depleted medium and treated with either estrogen (17β estradiol or E2) or vehicle (Veh) control over 4 wk (Fig. 1A) . The sequences encoding the gRNA were PCR-amplified from the transduced cells at day 0 and after 4 wk of culture and quantified by high-throughput sequencing (SI Appendix, Fig. S1 A and B). We then identified negatively and positively selected genes by calculating the gene essentiality score using MAGeCK-VISPR, a statistical algorithm we previously developed for CRISPR screen analyses (26, 27) . The MAGeCK-VISPR algorithm compares the gRNA abundance of all of the gRNAs targeting a gene across different conditions and assigns each gene a log fold-change "β-score" of essentiality in each condition compared with the controls. A positive (or negative) β-score indicates the corresponding gene is under positive (or negative) selection in the CRISPR screen (Dataset S1). Overall, most genes are consistently positively or negatively selected across conditions and cell lines (Fig. 1B) . Known driver genes for ER + breast cancers (28, 29) , such as ER (ESR1) itself, GATA3, FOXA1, and MYC, are strongly negatively selected ( Fig. 1 B and C) , while tumor suppressors, such as NF1, TSC1, TSC2, and PTEN, are positively selected (Fig. 1B) . The essential genes are enriched in many fundamental biological processes, such as gene expression, RNA processing, and translation ( Fig. 1C and SI Appendix, Fig. S1C ). In addition, ER and its signaling network genes (MYC, FOXA1, CCND1, PHB2, NCOA3, and AKT1) remain essential in the Veh condition (SI Appendix, Fig. S1D ), and the top essential genes significantly overlap between the E2 and Veh conditions (Fisher's exact test: P < 2.2e-16; SI Appendix, Fig. S1E and Dataset S2). These data indicate that the ER pathway continues to play an essential role even in the absence of estrogen.
We next sought to identify genes with a stronger negative selection in ER + breast cancer cells compared with other cancer cells, as they may be the therapeutic targets for breast cancer. We collected public genome-wide CRISPR screen data from 43 cell lines representing 13 different cell types (14, 16, 30, 31 ) and compared them with the screening results on T47D and MCF7 (under E2 treatment). We derived a score to quantify whether a gene is ER + breast cancer-specific essential by comparing this gene with other genes within the same cell line and the same gene in other cancer cells (details are provided in Materials and Methods). This approach identified ∼176 genes with specific essentiality in ER + breast cancers [false discovery rate (FDR) ≤ 0.1; Fig. 1 D and E and Dataset S3]. Overall, the ER + breast cancer-specific essential genes tend to have higher expression in T47D and MCF7 cells compared with the other cell lines (Fig.  1F) , are amplified or up-regulated in samples from patients with breast cancer (SI Appendix, Fig. S1F ), and are enriched in breast cancer-related pathways (Dataset S4). Many of these genes have physical or genetic interactions with ER (SI Appendix, Fig. S1G ), confirming the central role of ER in ER + breast cancer cells. Interestingly, seven of the top 20 specific essential genes are transcription factors (GATA3, TFAP2C, TRPS1, FOXA1, ESR1, SPDEF, and GRHL2). Among these, FOXA1, GATA3, SPDEF, and TFAP2C are known to interact with ER and exert critical functions in breast cancer (32) (33) (34) (35) . TRPS1 and GRHL2 are also associated with breast cancer progression and have been implicated as oncogenes in ER + breast cancers (36-38) (SI Appendix, Fig. S1H ). The identification of ER and the known components of the ER signaling pathway, as well as other previously identified breast cancer oncogenes, validated the robust nature of the screen.
Loss of C-Terminal SRC Kinase Mediates Estrogen-Independent Growth of ER + Breast Cancer Cells. We next searched for key genes that drive estrogen-independent growth by finding genes with stronger positive selection in the Veh condition compared with the E2 condition ( Fig. 2A) . The hit list (Dataset S5) includes several known tumor suppressor genes, including NF2, TSC2, LATS2, and PTEN, as well as NF1, whose silencing has been previously reported to cause tamoxifen resistance (39) . The strongest differential hit in both T47D and MCF7 cells is Cterminal SRC kinase (CSK) ( Fig. 2A and SI Appendix, Fig.  S2A ). CSK has been previously implicated to be involved in fulvestrant-induced cell death in MCF7 cells, yet through a mechanism independent of SRC family kinases (SFKs) (40) . All six CSK-targeting gRNAs in the GeCKO2 library are dramatically enriched in both MCF7 and T47D cells in the Veh versus E2 condition (SI Appendix, Fig. S2B ). Interestingly, CSK was not found to be positively selected in recent genome-wide shRNA screens of ER + breast cancer cells cultured in full medium (41) (SI Appendix, Fig. S2C ). Given that CSK was the top positively selected gene in both MCF7 and T47D cell lines in estrogen-depleted medium and its known role in inhibiting the function of SFKs (42), we focused on CSK for further analysis.
We first sought to validate that CSK knockout confers E2-independent growth of ER + breast cancer cells. We introduced three different gRNAs targeting CSK (one from the GeCKO2 library and two newly designed) and a control gRNA targeting the AAVS1 safe-harbor locus into T47D and MCF7. All three CSK-targeting gRNAs depleted CSK protein and markedly stimulated cell growth in stripped medium without E2 (Fig. 2B ), but they had only marginal growth effects in full medium or in stripped medium plus E2 (SI Appendix, Fig. S2D ), indicating CSK loss is a specific driver for E2-independent growth of these cells. The same phenotype was also observed in two additional ER + breast cancer cell lines, ZR75-1 and HCC1428 (Fig. 2C ). Extending our cell culture findings in vivo, we also confirmed that depletion of CSK resulted in E2-independent growth of MCF7 xenografts in ovariectomized mice (Fig. 2D) . In contrast to the AAVS1-targeted control MCF7 xenografts that showed almost complete dependence on E2 for growth, the CSK-depleted MCF7 xenografts grew robustly in the absence of E2 and were only modestly stimulated by the addition of E2. Moreover, deletion of CSK induced a striking sickle-like morphology in both T47D and MCF7 cells and increased cell migration in a transwell assay (SI Appendix, Fig. S2 E and F) , suggesting a more motile phenotype (43) . Finally, the estrogen-independent growth and morphological changes in these CSK-null cells could be fully reversed by the overexpression of a human CSK cDNA containing protospacer adjacent motif sequence mutations in each of the targets of the three CSK gRNAs to escape CRISPR/Cas9 cutting ( Fig. 2B and SI Appendix, Fig. S2E ).
CSK Is Directly Regulated by ER. As CSK was differentially selected between the Veh and E2 conditions, we next asked whether estrogen and ER regulated CSK expression. The expression of CSK is up-regulated in a majority of breast cancer cell lines or mouse models treated with E2 in the Nuclear Receptor Signaling Atlas database (44) (SI Appendix, Fig. S3A ). Examination of ER and H3K27ac ChIP-sequencing (ChIP-seq) and DNase-sequencing data revealed a putative ER-bound enhancer ∼10 kb upstream of the CSK transcription start site (Fig. 3A) . This region contains an ER-binding site as well as an ER-binding motif, and it is largely marked by H3K27ac only in ER + breast cancer cell lines, suggesting that it is an ER-specific enhancer (SI Appendix, Fig. S3B ). In 86% (19 of 22) of patients with ER + breast cancer, ER was bound to the enhancer of CSK, while in two patients with ER − breast cancer, no ER binding was detected (45) (SI Appendix, Fig.  S3C ), an indication that the ER-CSK regulation may be widespread in ER + breast tumors. To test whether ER activates CSK through this putative enhancer, we introduced three pairs of gRNAs together with Cas9 to fully or partially delete the putative enhancer and another pair targeting a region away from the enhancer as a control (Fig. 3B ). In the absence of Cas9/gRNA transfection, CSK expression is strongly up-regulated upon E2 treatment. This activation was abrogated when the enhancer was disrupted, while deletion of a nearby region did not affect CSK expression ( Fig. 3C and SI Appendix, Fig. S3D ). Moreover, the deleted enhancer, but not the nearby region, confers hormoneindependent growth of the cells, indicating that this enhancer is required both for the ER regulation of CSK and for the suppression of estrogen-stimulated growth (SI Appendix, Fig. S3E ).
Changes in Growth Factor Signaling upon CSK Loss Mediate Endocrine Resistance in ER
+ Breast Cancer Cells. To understand how CSK loss leads to estrogen-independent growth of ER + breast cancer cells, we performed RNA-seq analysis to identify differentially expressed genes and pathways upon CSK loss in T47D and MCF7 cells. Loss of CSK led to global changes in gene expression (SI Appendix, Fig. S4A and Dataset S6), and we defined a signature of 292 CSK-suppressed genes consistently up-regulated upon CSK knockout in both MCF7 and T47D (log2 fold change > 1 and adjusted P < 0.01; SI Appendix, Fig. S4C and Dataset S7). The expression of EGFR, whose overexpression can elicit tamoxifen resistance (1), was significantly increased after CSK loss (SI Appendix, Fig. S4A ). In addition, EGFR signature genes, genes associated with high-grade ER + breast tumors as well as other oncogenic pathways, such as metastasis, cell cycle, and epithelial-mesenchymal transition, were significantly up-regulated ( Fig. 4A and SI Appendix, Fig. S4B and Dataset S7). These results suggest that CSK deletion or expression suppression activates growth factor signaling pathways, which could drive the E2-independent growth of ER + breast cancer cells and elevate breast tumor grade. Partial or complete ablation of ER significantly decreased cell proliferation in both MCF7 and T47D CSK-null cells (SI Appendix, Fig. S4D ), suggesting that ER continues to play an important role in the absence of CSK. Given the essential role of ER in CSK-null cells, we tested whether the growth of CSK-null T47D or MCF7 cells could be inhibited by tamoxifen or fulvestrant. Notably, the CSK-null T47D or MCF7 cells were completely resistant to the ER antagonist tamoxifen but retained partial sensitivity to the ER degrader fulvestrant (Fig. 4B ). We observed that loss of CSK only partially inhibits the ability of fulvestrant to degrade ER (SI Appendix, Fig. S4E ), consistent with a previous study showing activated SFKs blocking fulvestrant-induced ER down-regulation (46) . Additionally, we have previously demonstrated that while tamoxifen is unable to prevent growth factorstimulated ER signaling, fulvestrant is able to more fully inhibit ER action (47) . These results demonstrate that ER remains essential for estrogen-independent growth induced by CSK loss.
Genome-Wide CRISPR Screen for Genes Synthetically Lethal with CSK Loss. To identify the key genes that drive hormone-independent growth upon CSK loss, we performed a second round of genomewide CRISPR screening in the CSK-null T47D cells and control cells cultured in hormone-depleted medium treated with E2 or Veh (SI Appendix, Fig. S5 A-C and Dataset S8). Using the same approach to compare public screening datasets of non-breast cancer cell lines, we identified 685 specific essential genes in CSK-null T47D cells under Veh treatment with statistical significance (FDR ≤ 0.05; Dataset S9). These genes include genes in the HER2 (ERBB2), PI3K-AKT (PIK3R1/2, AKT1), and MAPK signaling pathways [MAPK8, p21 protein-activated kinase 2 (PAK2)] that are known to be activated in endocrine-resistant breast tumors (1) (Fig. 5A ). Of note, ER remains essential in the absence of CSK, albeit to a lesser extent compared with the control cells (β = −0.43 and −0.28, ranking = 23 and 629 in the control and CSK-null cells, respectively). The essentiality of ER and genes in the HER2/EGFR signaling pathway in the CSK-null cells is further supported by the up-regulated ER and EGFR signature genes in the CSK-null cells ( Fig. 4A and SI Appendix, Fig. S4A ). These results suggest that loss of CSK increases cross-talk between ER and growth factor signaling pathways. We next sought to identify genes that are specifically essential in the CSK-null cells under the Veh condition, as these would be the key genes that are suppressed by CSK and confer endocrine resistance in the cells upon CSK loss. Applying the same MAGeCK-VISPR method to compare screening results between the control and CSK-null T47D cells, we discovered over 60 genes that are not required in control cells under the E2 condition but are specifically required in the CSK-null cells under the Veh condition (Dataset S10). Several top hits, such as EPHB2, proto-oncogene c-crk (CRK), PAK2, and PIK3R2, are in SFK pathways (Fig. 5A) . However, none of the nine SFK members could be identified as an essential gene in the CSK-null cells (Fig. 5B) , indicating that paralogs of the SFKs may provide functional redundancy (30) .
Two particularly interesting genes, PAK2 and CRK, are directly associated with SFK signaling pathways (Fig. 5C ). PAK2 is a serine/threonine kinase whose activity can be stimulated by the small GTPases CDC42 and RAC1 (48) and regulated by the SFKs (49, 50). CRK is a member of an adapter protein family that binds to several tyrosine-phosphorylated proteins and is involved in activating SFKs (51). We focused on PAK2 among the top synthetic lethal candidates of CSK as it is highly expressed in ER + breast cancer cells and it is a potential therapeutic target with existing small-molecule inhibitors. To confirm the specific requirement of PAK2 in the CSK-null cells, we knocked out PAK2 in the CSKnull cells and control cells using three different gRNAs targeting PAK2 (Fig. 5D) . Consistent with our screen data, PAK2 (but not PAK1) is essential only in the CSK-null cells cultured under the Veh condition (SI Appendix, Fig. S5D ), and the degree of PAK2 essentiality is correlated with the knockout efficiency (Fig. 5D ). This synthetic lethal interaction between PAK2 and CSK is also observed in three additional ER + breast cancer cells (MCF7, ZR75-1, and HCC1428; SI Appendix, Fig. S5E ), supporting its general importance in ER + breast tumors. In addition, the cell growth inhibition in the CSK-null cells upon PAK2 loss could be rescued by the doxycycline-inducible overexpression of a gPAK2/ Cas9-resistant WT PAK2 cDNA (Fig. 5E) , confirming the essential role of PAK2 in hormone-independent cells induced by CSK loss.
To further understand how CSK loss leads to PAK2 activation, we investigated the phosphorylation patterns of PAK2 and SFKs. The autophosphorylation site (Serine141) of PAK2, an important marker of PAK2 activation (52), could be distinctly detected in the CSK-null cells but not in the control or CSK-rescued cells (Fig. 5F ). More importantly, this differential phosphorylation pattern of PAK2 is correlated with the differential phosphorylation pattern of the SFKs (Fig. 5F ), suggesting that PAK2 and SFKs could be simultaneously activated upon CSK loss. To understand whether the activation of PAK2 is SFK-dependent, we treated the CSK-null cells with two SFK inhibitors, dasatinib and saracatinib. The phosphorylation of PAK2 S141 was abrogated upon the inhibitor treatment (Fig. 5G) , suggesting that SFKs are involved in PAK2 activation by tyrosine phosphorylation. To uncover the specific tyrosine on PAK2 that is important for PAK2 function, we generated three Y-to-F mutations (Y130F, Y139F, and Y194F) in PAK2 that have been previously implicated in PAK2 function (49) . As PAK2 is essential in the CSK-null cells, we first transduced the CSK null cells with PAK2-encoding lentiviruses to allow inducible overexpression of WT PAK2 and the PAK2 mutants. The endogenous PAK2 was then deleted using a specific gRNA, and the cell viability was assayed in the presence or absence of the inducible PAK2 alleles. While the Y139F and Y194F mutants could rescue PAK2 function to similar levels as WT PAK2, the Y130F mutant failed to rescue PAK2 function (Fig. 5E) , indicating the critical role of Y130 in SFK-mediated phosphorylation and activation of PAK2.
An Fig.  S6A ). This supports the existence of a negative feedback loop, where endocrine therapies that inhibit ER activity repress CSK expression and activate SFKs and PAK2. In addition, CSK expression is decreased in other models of endocrine resistance, including long-term estradiol-deprived (LTED) and tamoxifenor fulvestrant-resistant cell lines (SI Appendix, . The T47D CSK-null cells were first transduced with PAK2-encoding lentiviruses to allow inducible overexpression of WT PAK2 and the PAK2 mutants. The endogenous PAK2 was then deleted using the specific gRNA (gPAK2_3) without affecting the exogenous PAK2 (mean ± SD for n = 3; **P < 0.005). All of the cells were cultured in hormone-depleted medium plus 10% DCC-FBS, and GAPDH was used as a loading control. (F) Immunoblot analysis indicated the protein level of phosphorylated PAK2 and SFK as well as the total protein level of CSK, SFK, and PAK2 in the control (gAAVS1), CSK-null, and rescued CSK-null T47D cells. (G) Expression of PAK2 and PAK2 S141 upon treatment with two SFK inhibitors, dasatinib and saracatinib, in the CSK-null cells for 1, 3, and 6 h. ctrl, CSK-null cells with Veh treatment for 6 h. All of the cells were cultured in hormone-depleted medium plus 10% DCC-FBS, and GAPDH was used as a loading control.
of endocrine therapy resistance, we obtained 47 matched pairs of primary and tamoxifen-resistant tumor samples and found CSK to be down-regulated in 64% (30 of 47) of the tamoxifen-resistant tumors by immunohistochemistry (Fig. 6A) . These data suggest that down-regulation of CSK may be a frequent mechanism of acquired endocrine resistance.
To further support the clinical importance of CSK inhibition for endocrine resistance in ER + breast cancers, we collected public datasets of patients with breast cancer treated with endocrine therapy and linked the gene expression data with clinical outcome (Fig. 6 C and D) . As CSK is very highly expressed in lymphoid tissues (SI Appendix, Fig. S6C ), its expression in tumors may be biased by the presence of tumor infiltrating lymphocytes. We thus used the increased expression of the 292 CSKsuppressed signature genes as a proxy for CSK inhibition (SI Appendix, Fig. S4C ). The expressions of the signature genes are negatively correlated with CSK expression across different tissue types (SI Appendix, Fig. S6 D and E) , providing a reliable proxy for estimation of CSK activity in tumor samples. In two clinical trials that include breast tumor expression measurements before/ after endocrine therapy (53, 54) , tumors with the CSK inhibition signature show significantly less Ki67 reduction upon treatment, indicating that endocrine therapy is less effective in these patients (Fig. 6B) . In four additional studies (55-59) of patients treated with tamoxifen, the CSK inhibition signature is significantly correlated with high-grade ER + tumors and worse survival ( Fig. 6C and SI Appendix, Fig. S6F ). Moreover, higher expression of PAK2 in these cohorts is also significantly associated with worse clinical outcome after tamoxifen treatment (Fig. 6D) . These data support the clinical importance of the negative feedback loop, whereby endocrine therapies inhibit expression of CSK, leading to activation of PAK2, ultimately limiting the effectiveness of the therapy.
Potential Therapeutic Strategies to Overcome Endocrine Resistance.
Given the existence of the ER-regulated negative feedback loop involving CSK inhibition and PAK2 activation that limits the effectiveness of endocrine therapy and contributes to endocrine resistance of ER + breast cancer cells, we tested the effect of simultaneously inhibiting ER and PAK2. Combining the PAK2 inhibitor FRAX597 with fulvestrant or tamoxifen showed strong synergy in both MCF7 CSK-null cells and WT MCF7 cells (SI Appendix, Fig. S7A ). To test PAK2 as a potential therapeutic target in endocrine-resistant breast cancer, we treated the endocrine-resistant, CSK-null xenograft tumors in ovariectomized mice with FRAX597. Tumors were more sensitive to PAK2 inhibition in the absence of E2 (Fig. 7 A and B) , suggesting the CSK-PAK2 synthetic lethal interaction was more pronounced in hormone-deprived conditions. While fulvestrant alone inhibits the growth of CSK-null tumors to some extent, the combination of fulvestrant with FRAX597 is substantially more effective in blocking the growth of CSK-null tumors with or without E2 (Fig. 7B) . We further tested the efficacy of combining FRAX597 with fulvestrant in an ER + patient-derived xenograft (PDX) model of breast cancer (TM00386; The Jackson Laboratory). While treatment with FRAX597 or fulvestrant alone reduces tumor growth, the combination was synergistic and completely inhibited tumor growth ( Fig. 7C and SI Appendix, Fig. S7 B and C) . The individual and combined treatments were very well tolerated, as we observed consistent weight gain among the mice on the various treatment arms of the study (SI Appendix, Fig. S7D ). These data suggest dual PAK2 and ER inhibition as an effective combination therapy for treating ER + breast cancer.
Discussion
Using genome-wide CRISPR/Cas9 screening, we identified essential genes driving the growth of ER + breast cancer cells, including many transcription factors that are key components of the estrogen signaling pathway. More significantly, these screens revealed a previously unappreciated negative feedback loop that limits the efficacy of ER-targeted therapies and, when disrupted, leads to endocrine resistance (Fig. 7D) . We found CSK to be a key component of this feedback loop and an estrogen-stimulated tumor suppressor whose loss drives hormone-independent cell growth. From a secondary genome-wide CRISPR/Cas9 screen, we uncovered a synthetic lethal interaction between CSK and PAK2 in endocrine-resistant breast cancer cells. In the presence of estrogen, ER activates CSK, whose expression represses SFK and PAK2 activity. Inhibition of ER activity by endocrine therapy represses CSK, allowing the activation of SFK and PAK2 independent of ER regulation. Activation of SFK and PAK2, in turn, stimulates oncogenic signaling pathways and promotes estrogenindependent growth. While the continued requirement for ER genomic action upon CSK depletion is supported by the finding of the up-regulation of direct ER target genes in the CSK-null cells versus the control cells in estrogen-depleted medium, we cannot rule out a contribution of nongenomic ER signaling as well.
Our preclinical results both in vitro and in vivo, combined with clinical observations of the impact of CSK loss and PAK2 overexpression on patient survival, strongly support the clinical importance of this negative feedback loop. Our data also suggest PAK2 as a therapeutic target in patients with ER + breast cancer, both after the development of endocrine resistance and potentially in hormonesensitive patients, to increase the efficacy of ER-targeted therapy.
Materials and Methods
Breast Cancer Cell Culture. The MCF-7, T47D, ZR75-1, and HCC1428 human cell lines were grown as described previously (60) . Tam-R and Flu-R cells were derived by long-term exposure to tamoxifen and fulvestrant grown under the same conditions as WT MCF-7 and T47D cells (61) . T47D/LTED and MCF-7/LTED cells were generated through culture in phenol red-free RPMI 1640 and DMEM supplemented with 10% dextran-charcoal-treated FBS (HyClone) (62) .
Computational Analysis of the Screens. The CRISPR/Cas9 screening data are processed and analyzed using the MAGeCK and MAGeCK-VISPR algorithms we previously developed (26, 27) . We use the MAGeCK-VISPR algorithm (27) to compare the gene selections across different conditions and different studies (Fig. 1E) , as well as the specific essential genes in CSK-null cells (Dataset S9). The MAGeCK-VISPR algorithm uses a metric β-score to measure gene selections. The definition of the β-score is similar to the term "log fold change" in differential expression analysis, and β > 0 (or β < 0) means the corresponding gene is positively (or negatively) selected, respectively. MAGeCK-VISPR models the gRNA read counts as a negative binomial (NB) variable, whose mean value is determined by the sequencing depth of the sample, the efficiency of the gRNA, and a linear combination of β-scores of the genes. MAGeCK-VISPR then builds a maximum likelihood (MLE) model to model all gRNA read counts of all samples and iteratively estimate the gRNA efficiency and gene β-scores using the expectation-maximization algorithm. A detailed description of the MAGeCK-MLE algorithm can be found in the original study (27) .
To identify breast cancer-specific essential genes (Fig. 1E) , we make use of public genome-wide CRISPR screening datasets recently published (14, 16, 30, 31) . The first dataset (16) includes screens of cells from colorectal carcinoma (DLD1 and HCT116), patient-derived glioblastoma (GBM), cervical carcinoma (HELA), and retinal epithelium (RPE1). The second dataset performs screens on leukemia cell lines (KBM7, K562, JIYOYE, and RAJI) (30) , the third dataset is based on one melanoma cell line (A375), and the last dataset includes CRISPR screening data of 33 cell lines from various cancer types (31) . For each dataset, we use the MAGeCK-VISPR algorithm to calculate the β-scores of all genes. Breast cancer-specific essential genes are those that (i) are negatively selected in breast cancer cell lines and (ii) have stronger negative selection values in breast cancer cell lines compared with nonbreast cancer cell lines. Therefore, for each gene, we define its breast cancer-specific essential score SE g as cell lines (smaller ts). The P values are calculated from the null distribution of rank product statistics as described before (63, 64) . Multiple comparison correction of the P values is performed using the Benjamini-Hochberg method (65) . We use MAGeCK (26) to identify genes whose knockout leads to stronger positive selection in Veh conditions compared with E2 conditions in T47D and MCF7 cells (Fig. 2A) . The MAGeCK algorithm works as follows. It first collects read counts of all gRNAs in all conditions from fastq files, and then normalizes the read counts of control and treatment conditions using median normalization. After that, MAGeCK builds a linear model to estimate the variance of gRNA read counts, evaluate the gRNA abundance changes between control and treatment conditions, and assign a P value using the NB model. Finally, the selection of genes is evaluated from the rankings of gRNAs (by their P values) using the α-robust rank aggregation (α-RRA) algorithm. For each gene, α-RRA evaluates the rankings of all its gRNAs and assigns a lower score (RRA score) if the distribution is more skewed compared with a uniform distribution. The statistical significance of the RRA score is evaluated by permutation, and the Benjamini-Hochberg method is used for multiple comparison adjustments. To increase the statistical power, genes that have fewer than four gRNAs or genes that have fewer than two significant gRNAs are excluded from the comparison. A detailed description of the MAGeCK algorithm can be found in the original study (26) .
Cell Proliferation Assays. The breast cancer cells were plated in 24-well plates (4-5 × 10 4 cells per well) and kept under indicated conditions. The cells were trypsinized and collected. The number of viable cells was determined by Trypan blue exclusion and directly counted using a hemocytometer. Data represent mean ± SD from three independent replicates. P values were calculated using an unpaired Student's t test. ATP-based measurements of cellular proliferation were performed by the CellTiter 96 Non-Radioactive Cell Proliferation Assay (Promega). The cells were plated in 96-well plates (4,000 cells per well) and biologically replicated three times.
Cell Viability Assays. The activity levels of single agents and combinations were determined by the CellTiter 96 Non-Radioactive Cell Proliferation Assay. The cells were seeded in 96-well plates (4,000 cells per well), cultured 18-24 h before compound addition, and biologically replicated three times. Upon addition of drug, cells were incubated for 5 d.
Cell Migration. The migratory ability of MCF-7 cells was assessed using a transwell chamber (6.5-mm insert diameter, 8-μm pore size) (catalog no. 353097; Corning) placed in 24-well culture plates. Differently treated MCF-7 cells (5 × 104 per well) were suspended in 10% FBS DMEM and seeded to the upper chambers of the transwell plates, and the lower chambers were filled with 1 mL of DMEM containing 20% FBS. Following 36 h of incubation at 37°C, cells located on the upper membranes were removed with Q-tips, and the cells that migrated through membranes were fixed with 95% methanol and stained with 0.1% crystal violet solution (HARLECO, catalog no. 65092A95; EMD Millipore) for 15 min. Images of the stained cells that migrated to the lower sides of the filter were captured with an inverted microscope.
ChIP-Seq. ChIP experiments for H3K27ac in T47D cells were performed as previously described (66) , and the antibody for H3K27ac was ab4729 (Abcam). Library construction was performed using the ChIP-seq DNA Sample Prep Kit (Illumina) according to the manufacturer's instructions, followed by high-throughput sequencing with Illumina Hi-Seq.
RNA-Seq. Total RNAs were isolated by TRIzol (Invitrogen), followed by library construction using the TruSeq RNA Library Prep Kit (Illumina) for Illumina Hi-Seq.
Immunohistochemistry. A total of 47 matched pairs of ER
+ breast cancer tumors came from patients treated with tamoxifen, including treatment-naive primary tumors and local recurrent tumors that developed after tamoxifen treatment. Details of these tissue samples were previously published (67) . The tissue samples were evaluated on tissue microarrays (TMAs) obtained from consenting patients at the Royal Marsden Hospital in London. Immunohistochemical staining of CSK was performed on 4-μm sections of TMAs using the Bond Refine Detection System on a Leica Bond Rx automated immunostainer. The sections were automatically deparaffinized, and antigen retrieval was performed with EDTA buffer (pH 9.0) and processed for 20 min. The slides were incubated with the antibody against CSK (mouse monoclonal, ab54684; Abcam) at a dilution of 1:50 for 2 h at room temperature. WT MCF7 cell pellets were used as positive controls, and CSK knockdown MCF7 cell pellets were used as weak controls. Omission of the primary antibody was used as a blank control. Immunohistochemistry for CSK showed cytoplasmic staining in breast cancer cells. To evaluate immunohistochemical expression of CSK on the TMAs, we utilized a semiquantitative scoring system, whereby stain intensity and percentage of tumor cell positivity were reviewed and scored in a blinded manner by a pathologist. For each core, we assigned an intensity score of 0 for negative staining, 1 for weak staining, 2 for moderate staining, and 3 for strong staining, accompanied by the percentage positivity. CSK indices were calculated by multiplying quantity (0-100%) by intensity (0-3).
Tumor Xenograft Study. The MCF7 cells harboring either gAAVS1 or gCSK infected with lentiviruses encoding a firefly luciferase (68) 
